, Xu and Noor (1996) , Xu et al. (1997) and Choi et al. (1997 Figure 2 ). In this formulation, the subdivision can be arbitrarily altered according to the configuration of the piezoelectric layers or the desired level of approximation. Thus, the resulting "zig-zag" shape of the approximation can be a-priori controlled to vary the detail of approximation from a single-layer to a finely graded field. The various field variables are approximated by the following form,
. (_, q, ¢, t) 
where u°, v°, w°are displacements along the _, r I and _ axes, respectively, on the reference surface Ao; superscript j indicates the points _i at the beginning and end of each discrete layer;
and 0 i are the electric potential and temperature at each point _J, respectively (see Figure 2) ; _J(z) are interpolation functions; and 13¢and 13_are the rotation angles defined as,
where R, are tile local radii of curvature ( Figure I ). Linear interpolation functions _(z) are considered in this paper. TheLove'sassumptionfor shallowshellsis furtherimplemented, i.e.the local radii of the shell are substantially higher than the thickness (h/R, << 1), yielding (1+ _R_ _-1). In the context of Eqs. (3), the engineering strains become
where S°and k are the strain and curvatures at the reference surface, defined as follows:
where R, are the local radii of curvature, and ," o g ,,, g 22 are the components of the metric tensor on
_+Zo._ and g22 =_Xo.n +Yo.n +Zo.n
The electric field vector also becomes,
where _zi_ is the generalized electric field vector defined as:
Equations of Motion
The variational form of the equations of motion in the orthogonal curvilinear system is,
where 6H is the variation of the electric enthalphy and 6T the variation of the kinetic energy, defined as,
where Yand/) are the surface tractions and electric displacement acting on surfaces P s and P D,
[J] is the Jacobian matrix of the transformation between the global cartesian and curvilinear system. For the curvilinear system 0_,1_ the determinant of the Jacobian takes the form:
It is now possible to rearrange the variational statement and separate the through-the-thickness integration, as follows:
where A o is the curvilinear reference surface, _ and L) are the surface tractions and electric displacement on the boundary surface F; 8H L and 8T L are the variations of the electric enthalpy and kinetic energy of the laminate, defined as
and h is the laminate thickness.
By combining Eqs. (11) and (15) The generalized thermal matrices are new, and include the thermal expansion matrices [A"'] overbar and overhat, 
where L is the number of plies in the laminate.
The kinetic energy of the laminate takes the form,
where u°u {u°,v°,w°} and [3i={[3_, [3n}; 9 A, p B, p D are the generalized densities, expressing the mass, mass coupling and rotational inertia per unit area of the laminate (Saravanos, 1997).
Finite Element Formulation
The previous formulation of the governing equations in the orthogonal curvilinear system and the generalized variational statement in Eq. (11) enables the development of structural solutions by using approximations for the generalized multi-field state variables (displacements, rotation angles,electricpotentialandtemperature) of the following type, A finer 20xl 0 mesh was used for the 4-noded plate element with two discrete layers. The continumn element analysis incorporated a 10x5x2 mesh, with the two elements through the thickness of the plate corresponding to the two discrete layers used in the shell and plate programs. All displacements (w) and electric potentials (qb) presented in this section are along the centerline of the plate (y/b=0.5) and are nondimensionalized using the following relationships:
where h represents the plate thickness and d31 represents the piezoelectric charge constant. The response of the plate with the piezoelectric layer operating as a sensor is presented in this section. In the sensory mode, the piezoelectric layer is free to develop a corresponding electric potential in response to the thermally induced deformation of the plate through the direct piezoelectric effect. The resulting displacements predicted by the three different codes show almost exact agreement as depicted in Figure 4 . The corresponding sensory electric potential which develops in the piezoelectric layer is shown in Figure 5 . Although the continuum element electric potential results tend to be slightly higher due to the consideration of the through-the-thickness Poisson's effect, there is good overall agreement between the three elements.
Active Response.
The piezoelectric layer can also be used as an actuator by applying a voltage differential to the piezoelectric layer and utilizing the converse piezoelectric effect to alter the thermal distortion of the plate. Figure 6 shows the centerline deflection of the plate for three different applied electric potentials (qbA'). The three codes show almost exact agreement and demonstrate the capability to achieve thermal shape control by applying electric voltages. 
Cylindrical Shell
The second problem studied consists of a [09/p] (where 0°is along the _ axis) circular cylinder with a radius R=0.76 m, a L=1.524 m, and a thickness h=7.62 mm as depicted in Figure 9 . Due to the symmetry of the problem, only 1/8 of the cylinder is modeled using a 10x 10 mesh with two discrete layers (one for the carbon/epoxy and one for the piezoceramic). A clamped-clamped configuration in which both ends of the cylinder (z/L = 0 and z/L = 1) are fixed is examined. The cylinder is subjected to three different types of thermal loads (a uniform thermal load and two types of sinusoidally varying temperatures along the hoop direction) as shown in Figure 10 . Results from the current shell element are presented to investigate the influence of the curved structure on achieving thermal shape control under the different boundary conditions and applied thermal loads. All displacements (w) and electric potentials (qb) presented in this section are along the hoop direction at z/L = 0.5 and r/R =1.0 of the cylinder and are nondimensionalized using the following relationships: Figure 11 shows the displacement and sensory electric potential induced from applying a uniform thermal load of 50°C. A uniform deflection of the cylinder is achieved, which maintains the original circular shape. The sensory electric potential also shows a uniform response that corresponds to the displacement. The incorporation of pyroelectric effects produces larger displacements and electric potentials. The results from applying a cosine varying temperature are shown in Figure   12 . The deflection of the cylinder now shows a sinusoidal pattern that translates into either an oval-shaped or figure eight shaped circumferential displacement, depending on whether pyroelectric effects are modeled. The electric potential only displays a sinusoidal pattern when pyroelectric effects are included and becomes almost zero when the pyroelectric effect is neglected. Figure 13 shows the results of applying a double cosine varying thermal load. A sinusoidally varying displacement and electric potential pattern is produced which corresponds to an oval-shaped deflection of the cylinder. Once again, incorporating the pyroelectric effect leads to increased displacements and electric potentials. the sensory thermal deflection resulting when the electric potential of the piezoelectric layer remains free, a grounded thermal configuration (zero electric potential is applied on both piezoelectric terminals), and an active thermal deflection when a non-zero electric potential is applied. The magnitude of the applied electric potential remains the same for all three cases, although the form of the electric potential varies to correspond to the type of thermal load. Figure 14 shows the deflection of the cylinder under a uniform thermal load (50°C). Application of increasing uniform applied electric potentials produces a noticeable decrease in the sensory thermal deflection. Figure 15 depicts the displacement of the cylinder under a cosine varying thermal load and shows that although some changes in the overall shape of the cylinder can be obtained by applying active electric potentials, no significant overall reduction of the thermal deflection is achieved. Figure 16 illustrates the deflections produced under a double cosine variation of the thermal load. For this case, the double cosine applied electric potential effectively minimizes the thermal deflection. 
